been examined. It is shown that the position of the source in a head modeled by a sphere surrounded by two concentric shells of differing conductivities representing the skull and the scalp can be inferred from source localization calculations made on a homogeneous model. Sidman et al. [9] proposed an approximate calculation to achieve the same goal, but it is shown that while their approximation is very good for sources located near the center of the head, such as midbrain or brainstem structures, it is less satisfactory for sources at an eccentricity of 0.6-0.9, which is the location of most cortical sources. In fact, over this range, their correction may introduce as much error as it purports to remove.
It is shown that midrange estimates of skull thickness and scalp thickness may introduce localization errors of ± 7 and ±3 percent of the outside radius of the scalp, respectively, but a poor estimate of skull conductivity introduces at most a 2 percent error.
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The calculation of the source parameters is usually an iterative numerical process. An initial set of source parameters is assumed, and the surface potential distribution over the model head is calculated. This distribution is then compared with the measured potential over the real head and the parameters of the source are changed to minimize the difference between the two distributions [6] - [8] . The more complex models lead to more realistic source parameters, but they carry a considerable penalty in terms of computer running time, sometimes by as much as a factor of 50 We shall show that these methods are based on an approximation that is not valid at the large values of eccentricity where most cortical sources are found. We will demonstrate the exact method and give adequate approximation methods for estimating the position of a source in an inhomogeneous model head based on computations performed on a homogeneous model. PROBLEM We wish to consider the following. Given a dipole in an inhomogeneous model, can we find an equivalent dipole in the homogeneous model such that the field generated on the surface of the homogeneous model is the least-squared-error fit to the field generated on the surface of the inhomogeneous model.
THEORY
Consider a dipole with radial and tangential components mr and mt embedded in a homogeneous sphere of radius R and conductivity a. The coordinate system is shown in Fig. 1 . The dipole is located at a distance z from the center of the sphere on the z axis and the dipole moment is in the positive xz plane; any other position or orientation of the dipole can be obtained by rotation. The potential V(a,,() at the surface of the sphere is given by 
Radial Dipole
For a radially oriented dipole mit = mt = 0, so (1) and (2) 
+ mtPl (cos a1) cos (3] (1) where b = z/R is the eccentricity of the dipole in the homogeneous model and where Pn (cos a), P1 (cos a) are Legendre and associated Legendre polynomials [11] .
Next, consider a shell model consisting of a homogeneous sphere of neural tissue, radius rl, surrounded by a concentric spherical shell of outside radius r2 representing the skull, and another concentric spherical shell of outside radius R representing the tissue of the scalp. Let 
where f = r1/R andf2 = r2/R [10] , [12] .
Our approach is to minimize Pr, the squared difference between surface potentials predicted by the two models and integrated over the sphere. The integration over (3 gives a factor of 2 7r, and the integration over ar can be carried out using the orthogonal properties of Table I .
Tangential Dipole Again the approach is to minimize the squared difference between surface potentials predicted by the two models and integrated over the sphere. In this case (1) and (2) (16) and once again, the minimizing values of b, which we call b, can be found numerically. Some characteristic values are given in Table I .
DISCUSSION
Both Schneider [9] and Sidman et al. [10] Most cortical sources occur at eccentricities between b = 0.6 and b = 0.9; over this range the error in eccentricity introduced by using the constant multipliers may be as much as 8.5 percent of the outside radius of the scalp, as shown in Fig. 2 .
The data points illustrated in Fig. 2 Table I and in Fig. 3 in which we plot b -b versus b for various combinations of skull and scalp thickness. These curves are drawn for a range of skull and scalp thicknesses encompassing the values that are likely to be met in practice
[141, [151. These curves can be used to find the corrected location for any source in a model head, the parameters of which coincide with those used in the graphs. For example, a radial dipole is calculated to be at an eccentricity of 0.60 in a homogeneous head, and we wish to find the correction for a head having a scalp thickness of 0.02 and a skull with parameters thickness = 0.10 and relative conductivity = 0.0125. From Fig. 3 , the correction is 0.19, and the corrected eccentricity of the source would be 0.79. In work of this sort, the experimenter usually has little idea of the skull and scalp parameters for each subject. Most workers in the past have used the values quoted by Rush and Driscoll [13] . These values lie in the midrange of the skull and scalp parameters used in Fig. 3 , and it will be seen from this figure that for cortical sources of eccentricity greater than 0.5, for a given scalp thickness, variations in skull thickness from a middle value within the range quoted by Todd [14] may cause an error of ±7 percent of the outside radius of the scalp in the estimation of the corrected eccentricity; and for a given scalp thickness, variations in skull thickness from a middle value within the range quoted by Todd and Kuenzel [15] may cause an error of ±3 percent. These errors are larger than the best precision that can be achieved in source location calculations; thus, some effort should be made to estimate the skull and scalp parameters for each subject. If the resultant parameters fall between those given in Fig. 3 , linear interpolation should be used; this will give a source location correct to ±1 percent of the outside radius of the scalp. The relative conductivity of the skull is very difficult to estimate, but fortunately the source location is not too sensitive to this parameter; evaluation of data similar to those in Fig. 3 sion, these errors can obviously be avoided by calculating the correction factors from (9) , (8), (7), (3a), and (2a), and then finding br numerically or from (16), (15) , (14), (3a), and (2a), and then finding bt numerically. This is a tedious calculation but is obviously within the resources of anyone who can already calculate source locations from scalp potential distributions. However, scalp and skull thicknesses are known to vary from location to location over the head, and current techniques for their noninvasive measurement provide only rough estimates. Similarly, the conductivity ratio and the degree of anisotropy in the skull can only be approximated. We estimate that these errors as well as the aspheric shape of the head will reduce the accuracy of the most favorable source localizations to at least ±2 percent of the outside radius of the scalp; thus, more precise correction factors are presently unwarranted. It will be seen from Table I and Fig. 3 that the corrected parameters for radial and tangential dipoles are slightly different, hence the two components of an oblique dipole map into slightly different corrected locations. The difference in all cases is less than the 2 percent residual error mentioned above, hence an oblique dipole can adequately be handled by linear interpolation between the radial and tangential cases.
